ABSTRACT: The aim of this study was to estimate the impacts of anticipated global climate change on runoff and evapotranspiration in small-forested catchments. The investigated Lysina and Pluhův Bor catchments are situated in the Slavkov Forest in western Czech Republic. To forecast hydrological patterns for the period 2071-2100, outputs from 2 general circulation models, HadAM3H and ECHAM4/OPYC3, were downscaled using 3 regional climate models (RCM; RCAO, CHRM, HIRHAM) under the A2 and B2 emission scenarios (Intergovernmental Panel on Climate Change Special Report on Emissions Scenarios). Corrected RCM daily outputs were used in combination with the hydrological model Brook90. Annual runoff is projected to decline by 10 to 30%, and impacts on the distribution of monthly flow are projected to be significant, with summer-autumn decreases of 30 to 95%, and winter increases of up to ~40% compared to mean discharge for the period . Mean daily flows are estimated to decrease by ~70% from August to November. These changes would have serious ecological consequences since streams could regularly dry up for short periods.
INTRODUCTION
Assessing the future climate and its potential effect on the hydrological cycle remains an important topic for research, since water availability affects both society and ecosystems (Prudhomme & Davies 2008) . Many recent regionally oriented projections have focused principally on changes in the future runoff of large European rivers (e.g. Jasper et al. 2004 , Graham et al. 2007 , Driessen et al. 2010 ). In addition, some studies have focused on smaller catchments that are from tens to hundreds of square kilometres (Horton et al. 2006 , Fowler & Kilsby 2007 , Horáyek et al. 2008 ). These studies were based on results from regional climate models (RCMs), and demonstrate a rising interest in the impact of expected climate change on hydro logical patterns on a regional scale.
RCMs use lateral boundary conditions from general circulation models (GCMs) to produce higher resolution outputs. These RCMs encompass a scale of~0.5° latitude and longitude, and parameterize physical atmospheric processes (Déqué et al. 2007) . Newer runs at a scale of 0.22° are also available (Hewitt & Griggs 2004) . In principle, RCMs are able to realistically simulate regional climate features such as orographic precipitation (e.g. Frei et al. 2003) . However, it is difficult to represent all influences caused by geographical features in RCMs, especially for catchments with areas covering only a few square kilo metres. Outputs still show systematic bias relating simulated temperature and precipitation to observed means (Christensen et al. 2008) . To overcome this problem, the data need to either have higher spatial resolution, or an empirical correction is necessary for better representation of small catch-ments (<10 km 2 ). Methods of bias correction have been developed in response to the latter requirement (e.g. Fowler & Kilsby 2007 .
This paper focuses on changes in hydrological patterns due to projected climate change at microscales, such as headwater catchments. The effective control of headwater catchments is an important factor in the sustainable development of water resources (Cutter & Renwick 2003) . In addition, headwater catchments, which in central Europe are often forested and located in mountainous regions, are areas of high ecological importance.
This study consists of 3 objectives: (1) evaluation of hydrological patterns in a reference period by applying the hydrological model Brook90 (Federer et al. 2003) , as calibrated to site specific conditions; (2) downscaling of climatic variables from 3 RCMs to micro-scale conditions; and (3) simulation of climate change impacts on future (2071-2100) hydrological patterns.
MATERIALS AND METHODS

Site description
The 2 experimental catchments in the western part of the Czech Republic are situated within a large spruce forest on the plateau of the Slavkov Forest (Slav kovský les) (Fig. 1) . The Slavkov Forest is a protected mountainous region with an area of 610 km 2 where many small streams with varying drainage areas originate. Both studied catchments belong to the Geochemical Monitoring (GEOMON) network of small forest catchments (Oulehle et al. 2008) .
The first investigated catchment, Lysina (LYS; 50°03' N, 12°40' E; area 0.273 km 2 ) (Krám et al. 1997 , Hruška & Krám 2003 , is located at 829 to 949 m above sea level (a.s.l.), and is facing NE with a mean slope of 11.5%. Here, podzolized soils are developed on magnesium-poor granite. The vegetation is dominated by Norway spruce (Picea abies) that covers almost 100% of the catchment. Recent average runoff was 450 mm yr -1 (for the period 1990-2006). The second study site, Pluhův Bor (PLB; 50°04'N, 12°46'E; area 0.216 km 2 ) (Krám et al. 1997 , Hruška & Krám 2003 , is a catchment with an elevation of 690 to 804 m a.s.l., and is facing SE with a mean slope of 13%. Here, cambisols cover magnesium-rich serpentine rocks. The vegetation also consists of Norway spruce (92%) mixed with Scots pine (Pinus sylvestris) (8%). Recent average runoff was remarkably lower at 275 mm yr -1 (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) . Runoff was measured at both catchments using mechanical water-level re corders installed in combination with V-notch weirs.
Precipitation and temperature data are based on data from a meteorological station at Mariánské Lázně (700 m a.s.l.; 49°59'N, 12°42'E) located ~5 km from LYS and ~10 km from PLB. Average precipitation at the station was 844 mm yr -1 and average air temperature was 6. 2°C (1990-2006) .
The hydrological model Brook90
The Brook90 model is a deterministic, processoriented, lumped parameter hydrological model that was designed to be applicable to any land surface at a daily time step year-round (Federer et al. 2003) . Brook90 is a parameter-rich model designed primarily to study evapotranspiration and soil water movement at a point, with some provision for stream flow generation by different flow paths (Fig. 2) . The major flow paths in the model are imme diate infiltration to deeper layers by vertical pipes or macropipes, downslope drainage of some of the in filtrated 'new' water as 'bypass' flow in pipes (BYFL), surface drainage or overland flow, flow of noninfiltrated new water from variable saturated source areas, downslope matrix flow of 'old' water (DSFL), and vertical matrix drainage of old water to groundwater followed by groundwater discharge (VRFL). Snow accumulation and melt are controlled by a degree-day method with cold content (Linsley 1949) . The model uses the Shuttleworth & Wallace (1985) method for sepa rating transpiration from soil eva poration, and evaporation of inter ception.
Daily precipitation, maximum and minimum air temperatures, daily solar radiation and daily mean wind speeds were used as inputs to the Brook90 model. Five further parameter sets were required: canopy, location, soil (for up to 25 layers), initial, and fixed parameters.
Input data
Meteorological data for the studied catchments (minimum and maximum daily air temperature, daily precipitation, daily mean wind speed and sunshine duration) for the period 1967-2006 were taken from a climate station of the Czech Hydrometeorological Institute located at Mariánské Lázně. Air temperature data were corrected based on local minimum and maximum temperature lapse rates to represent the average catchment altitudes. The lapse rates for individual months were calculated by linear regression using data from 5 climate stations (within a radius of 100 km) ranging in elevation from 519 to 1118 m. The decrease varied between 0.1 to 0.3°C 100 m -1 for the minimum temperature and 0.3 to 0.7°C for the maximum temperature. Daily precipitation data were corrected by a factor 3 Fig. 2 . Major Brook90 processes. BYFL: bypass flow rate from all layers, DSFL: downslope flow rate from all layers, EVAP: evapotranspiration, GWAT: groundwater storage below soil layers, PREC: precipitation, SEEP: deep seepage, SLFL: input rate to soil surface, SWAT(1-N): soil water in layers, VRFL(1-N): vertical matrix drainage rate from layer. Dot-dash lines: layers between 1 and N. Modified from Federer (2002) calculated from the difference between average annual precipitation measured by bulk collectors at the investigated catchments and annual precipitation from the Mariánské Lázně station (for 1994-2006) . The daily precipitation data for Lysina were therefore increased by 14%, while those from Mariánské Lázně were used unchanged for Pluhův Bor because the difference was negligible (1%). Daily global radiation was calculated from the sunshine duration using the Klabzuba approach (described in Trnka et al. 2005) . The daily wind speed data from the Mariánské Lázně station were used unchanged (Fig. 3) . The daily average vapour pressure data were estimated by the Brook90 model using saturated vapour pressure at minimum temperature, while canopy and some of the site specific (location) para meters (including the parameter range) were taken from Federer (2002) and Federer et al. (2003) . Soil parameters were set for 3 layers according to the soil profile (Krám et al. 1997) , and Clapp & Hornberger (1978) values for different soil texture classes. Initial and fixed para meter sets for Brook90 were taken from Federer (2002) .
Calibration and validation of the hydrological model
The calibration of Brook90 and validation of model performance were based on daily discharge data from the catchment outlets. Seventeen years of observation (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) Selected canopy and location parameter values (Table 1) were estimated using parameter estimation software (PEST; Doherty 2003 Doherty , 2004 . The success of model calibration was evaluated by testing the significance of the correlation between simulated and measured daily and monthly stream flow (Pearson's correlation coefficient r) and the Nash-Sutcliffe criterion on monthly flow (Nash & Sutcliffe 1970) .
A local sensitivity analysis (does not account for possible interactions among the parameters) using PEST was applied to identify sensitive parameters. This programme is primarily used to estimate an optimal parameter set. The objective function is based on the least-squares criterion. The optimization problem is iteratively solved by linearization of the relationship between a model's output and its parameters, using the Gauss-Marquardt- Levenberg algorithm (Marquardt 1963 , Levenberg 1944 . The PEST results (Table 1) were further combined with the nominal range method to calculate the percentage change in outputs due to the changes in model inputs (relative to their baseline values). The aim was to identify the changes in individual months, since the effects of some parameters are seasonally determined. Further, the effect of the parameter changes on runoff in the measured data period was compared with the projected effect.
Regional climate model data
Three RCMs with 2 driving GCMs and 2 emission scenarios were used. The regional climate model RCAO (Räisänen et al. 2003) was used with lateral boundary conditions from 2 GCMs: Had AM3H (Had ley Centre, UK, hereafter RCAO-H) and ECHAM4/ OPYC3 (European Centre Hamburg Model, developed at the Max Planck Institute for Meteorology, Germany, hereafter RCAO-E), each run with A2 and B2 emission scenarios. Two further models were utilized using HadAM3H boundary conditions: the limited area model CHRM ; hereafter CHRM-H) with the A2 emission scenario, and HIRHAM (Hanssen-Bauer et al. 2003; hereafter HIRH-H) with the A2 and B2 emission scenarios.
These future climate scenarios are based on the IPCC A2 and B2 SRES (Special Report on Emissions Scenarios) anthropogenic CO 2 emissions scenarios (Nakićenović et al. 2000) . Simulated daily maximum and minimum temperatures, daily amounts of precipitation, global radiation, and average daily wind speed were downloaded from the PRUDENCE project (Prediction of Regional scenarios and Uncertainties for Defining EuropeaN Climate change risks and Effects; http:// prudence. dmi.dk). The PRUDENCE results have been further developed and enhanced through the ENSEMBLES project (Ensemble-based Pre dictions of Climate Changes and their Im pacts; http://ensembles-eu. metoffice. com/).
These datasets are available for 0.44° grids (~50 km resolution) for a control period from 1961-1990 and a scenario period from 2071-2100. Simulated climatic data were used for the grids cov ering the area of the Slavkov Forest (Fig. 1 ). This included: the RCAO grid centered at 50°15' 25" N, 12°50' 18" E with an average elevation of 579 m a.s.l.; the CHRM grid centered at 49°58' 28" N, 12°18' 46" E with an average elevation of 578 m a.s.l.; and the HIRHAM grid centered at 50°7' 43" N, 12°55' 39" E with an average elevation of 565 m a.s.l.
Simulated RCM climatic data for the control period ) markedly differed from measured data (Fig. 4) , and were therefore transformed for hydro logical modelling purposes. One of the possible ways to correct the modelled climate variables is to apply factors based on the ratio of the control climatology to observed values on a grid point basis (as Durman et al. 2001) . A simple monthly bias correction approach was used (e.g. Fowler & Kilsby 2007) . Correction factors were calculated as the difference or the ratio between the monthly means of measured and simulated climatic data in the control period. Daily input data series were corrected by these monthly factors so that the modelled monthly average in the control climate matched the observed monthly average over the period . The projected future data were adjusted by the same factors as for the control climate. For an assessment of the future projection uncertainty, a CI of the scenario mean was used. The CI was calculated using the nonparametric bootstrap approach (Crawley 2002) . The data were resampled (10 000 × in our case) and the values that characterise the tails of the distribution, the 97.5 and 2.5 percentiles, were calculated. The average monthly difference between the simulations with the observed and the RCM data in the control period was given by: (1) where MBE is the mean bias error, N is the number of RCM time series used for simulation, R RCM,i is the mean monthly runoff simulated with RCM bias corrected data, and R obs,i is the mean monthly runoff simulated with observed data. The magnitude of the error in RCM simulation in the control period was given by the root mean square error RMSE:
(2)
Trends in recent data
For testing recent changes in measured monthly precipitation, air temperature and simulated runoff , the nonparametric Yue-Pilon method was applied (Yue et. al. 2002a ). This removes serial correlation components such as the lag-one autoregressive (AR (1)) process from the time series. The magnitude of the trend is computed by the Yue-Pilon method using the Theil-Sen approach. If the slope differs from zero, then it is assumed to be linear and the data is de trended by the slope; the AR (1) is then computed for the detrended series. The residuals should be an in dependent series. The trend and residuals are then blended together. The MannKendall test (Yue et al. 2002b ) is then applied to the blended series to assess the trend significance.
RESULTS
Performance of the models
The corrected RCM data were used for runoff modelling using the calibrated Brook90 model in the con- ; 1967-1990) . The range was based on the difference between the mean maximum and minimum scenarios for Tmax and Tmin. Tmax: maximum daily temperature, Tmin: minimum daily temperature, P: precipitation, WS: mean daily wind speed, RAD: daily global radiation trol period . The seasonal runoff distribution based on RCM data showed similar patterns as the runoffs simulated with observed climatic data from Mariánské Lázně (Fig. 5) . The mean annual runoff from the Lysina catchment was 453 mm in the control period. The mean annual runoffs calculated from the RCM corrected climatic data ranged between 407 and 442 mm. The mean annual runoff from the Pluhův Bor catchment was 272 mm as simulated with observed climatic data, and 239 to 266 mm as calculated from RCM corrected data. However, the runoff simulated with RCM corrected data was usually lower by <10% on average. The MBE and RMSE did not markedly differ and varied between ~1 to 10 mm mo -1 (Fig. 5 ). Runoff simulated with RCM corrected and uncorrected data differed markedly, with a clear shift in seasonality (Fig. 5 ). In addition, the summer runoff calculations simulated with uncorrected RCM data were much lower, especially for the Lysina catchment. This was a result of the overestimation of evapotranspiration caused by much higher global radiation and daily mean wind speed compared to observed data. In general, Brook90 well reproduced the discharge conditions in the investigated catchments, including both individual flood events and long-term runoff. The Nash-Sutcliffe R 2 for monthly data from 1990-2006 demonstrated high model performance for both study sites, with R 2 values mostly ranging from 0.6 to 0.9. For the validation period (2000) (2001) (2002) (2003) (2004) (2005) (2006) at the Lysina catchment, the Pearson's correlation coefficient was 0.91 (r crit = 0.22, n = 84, p = 0.05) for monthly data and 0.73 (r crit = 0.20, n = 2557, p = 0.05) for daily data. For Pluhův Bor, the correlation coefficient was 0.82 (r crit = 0.25, n = 60, p = 0.05) for monthly data and 0.73 (r crit = 0.20, n = 1826, p = 0.05) for daily data during the same period.
The results of sensitivity analysis showed that Brook90 is sensitive to canopy and location parameters affecting evapotranspiration. The most sensitive parameters were maximum leaf conductance and maximum leaf area index (MAXLAI). Changing these within the para meter range led to an increase in annual runoff of up to 17% (using values close to the lower bound of the parameter range) or a decrease of up to 30% (with parameters close to the upper bound). Relatively sensitive parameters were maximum canopy height, length of fine roots per unit ground area and maximum plant conductivity.
In general, future runoff will be more sensitive to parameter values reducing evapotranspiration (resulting in an increase in runoff). This was notable especially in spring and autumn, when the model was highly sensitive to a change in MAXLAI. The change in MAXLAI in March and April resulted in < 5% difference in evapotranspiration in the present period, but a 10 to 30% difference in the future. The sensitivity to MAXLAI in November was -30 to 10% for the present period but -50 to 300% in the future (compared to the run with selected parameters in Table 1 and corrected future RCM input data). This might be a result of a future shift in the growing season.
Recent changes in air temperature, precipitation and runoff
Annual temperature means for the Slavkov Forest from 1990-2006 were 0.5°C higher than those from the control period , resulting in a mean annual temperature increase from 4.5 to 5.0°C at the Lysina catchment and from 5.2 to 5.7°C at Pluhův Bor. However, the overall trend in annual temperature increase from 1967-2006 was not significant. The only significant changes were in the maximum monthly temperatures in April and May (p < 0.05, . Monthly mean runoff (R) modelled by Brook90 using observed data and RCM simulated data (corrected and uncorrected) at Lysina (LYS) and Pluhův Bor (PLB) in the control period The mean annual runoff (simulated with measured input data) did not change significantly from the control period 
Projected future changes in air temperature and precipitation
The RCM models estimated an increase in mean annual 2 m air temperatures of between 2.5 and 5.8°C for the Slavkov Forest (2071-2100 compared to the control period . This represents an increase in mean annual 2 m temperatures to 7.0 to 10.3°C at Lysina and 7.7 to 11.0°C at Pluhův Bor.
An increase in 2 m maximum and minimum temperatures for all months throughout the year was projected for 2071-2100 (Fig. 6) , with the largest changes occurring in August maxima. However, a noticeable increase in temperature was also predicted for the winter months, especially in minimum temperature. Increased temperatures in November would shift the average daily minimum temperatures above the freezing point, to 0.3 to 3.1°C in Lysina and 0.6 to 3.5°C in Pluhův Bor. The CIs of scenario means ranged within ± 0.2 to 0.5°C (Fig. 6 ). In addition, the RCAO-E based projections also showed a rise in mean minimum daily temperatures above the freezing point in other months: in March at both catchments, and in February at Pluhův Bor. These increases in winter minimum temperatures above the freezing point would be reflected in changes to the snow cover period. The past average snow cover period lasted from the end of November to the middle of April at Lysina, and from the beginning of December to the end of March at Pluhův Bor. These periods would be significantly shorter in the future: from the second half of December to the beginning of March at Lysina, and from the second half of December to the second half of February at Pluhův Bor. Similarly, the mean durations of snow cover were also projected to decrease, from ~130 tõ 40-110 d at Lysina (control period versus 2071-2100), and from ~120 to ~20-80 d at Pluhův Bor. . Range based on difference between mean maximum and minimum scenarios for Tmax and Tmin. CI: confidence interval for the mean of all RCM simulations According to these RCAO-E A2 and B2 scenarios, the shorter overall snow cover periods would not be continuous but would be interrupted by complete melting.
Minor differences in the annual amount of precipitation (1 to 6%) were expected for the future (Table   2 ). However, significant changes were projected in the annual distribution of precipitation (Fig. 7) The magnitude of these changes differed from month to month, but models with the A2 and B2 scenarios showed a similar pattern: a drop in precipitation from July to September and an increase from December to March. The maximum projected decrease was in August (17 to 43%). The highest increase was projected to be in December (up to 51%). The CIs of scenario means ranged within ± 3-7 mm (Fig. 7) .
Future changes in evapotranspiration and runoff
The increase in annual evapotranspiration based on model projections was estimated to be ~15 to 25% at the Lysina and ~10 to 20% at the Pluhův Bor catchment (Table 2) . Changes in the seasonal distribution showed an increase for almost all months (Fig. 8) . The highest absolute increases were from May to July. In general, changes in August and September were expected to be only minor. One exception was the decrease by ~20% in August at Pluhův Bor according to the RCAO-E/A2 scenario. This decrease could be a result of actual evapo transpiration being limited by water availability. The CIs of the scenario means ranged within ± 2 mm (Fig. 8) . Monthly evapotranspiration means for the control and scenario periods are listed in Appendices 1 & 2.
Annual runoff was projected to decrease by ~10 to 30% (LYS) and ~15 to 30% (PLB) ( Table 2 ). This decrease was expected from April to November (up to 90%), with a maximum absolute decline in April (Fig. 9) . The RCAO-H, CHRM-H, and HIRH-H projections showed the mean monthly maximum in March, while the RCAO-E projections showed the maximum in December. Runoff from December to February was mainly projected to rise, with the maximum change in February. The difference between 9 ) at the investigated catchments in the control period (1967 -1990 ), present (1990 -2006 LYS, 1992 -2006 , and future (2071-2100). Future projections were based on downscaling of regional climate models with 2 driving global circulation models and 2 emission scenarios (see Section 2.5 for details). Evapo transpiration as well as control and future runoff data were simulated using Brook90 . Range was based on difference between mean maximum and minimum scenarios for precipitation. CI: confidence interval for the mean of all RCM simulations future summer mean and median of the projections indicates that the mean values were shifted up by the high flows (Fig. 9) . A comparison of the inter-quartile range (25 to 75%) and the mean value (Fig. 9) shows that in August for both sites and in July and September for PLB, the third quartile of monthly runoffs would be lower than the expected mean of all projections. The driest month would be September. The first quartile for LYS and even the second for PLB reached the value of zero for monthly runoffs for this month. It means that there is a 25% (LYS) or 50% (PLB) probability that the stream would completely dry out during September. This indicates that the future flow pattern would likely be shifted to more extremes. Dry periods would be followed by relatively high flows. The monthly runoff means for the control and scenario periods are listed in Appendices 3 & 4. The fact that precipitation ex ceeded the sum of evapo transpiration and runoff (Table 2 ) is a result of deep seepage (according to the Brook90 model).
The cumulative frequency distribution of mean daily runoff showed significant changes between the control period and future runoff (Fig. 10) . Simulations indicated that both streams could dry up completely for short periods, especially during September and October (based on the RCAO-E scenario). The mean daily flow from August -October could decline by ~60% (LYS) and 70% (PLB).
DISCUSSION
The discrepancy between observed and RCM simulated data (Fig. 4) emphasises the need for correction of all input data series. The differences in temperatures and precipitation can partially be explained by the discrepancy between RCM grids and catchment elevation. However, it is mainly a result of an error in the RCM data simulation since the outputs are not resolved enough to include influences of all topographical features (Christensen et al. 2008 ). The standard deviations in RCM temperature and precipitation data in mid-Europe was estimated by Déqué et al. (2007) . 25-75%: inter-quartile range of all scenarios. 10-90%: inter-quintile range. CI: confidence interval for the mean of all RCM simulations served and RCM-simulated radiation data (Fig. 4) might be attributed to the calculation method. Although Trnka et al. (2005) proved that the global radiation results using the method of Klabzuba were satisfactory for the growing season in central European conditions (with a relative mean bias error of <10%) (Trnka et al. 2005) , this approach seems to underestimate the daily global radiation in our case. The difference between observed and RCM-simulated global radiation is the main reason for such remarkable runoff underestimation when using the uncorrected RCM data for Brook90 simulations in the control period (Fig. 5) . However, when the parameters were set during the calibration period to the relatively lower radiation, the model validation was successful; thus, we assume that a systematic shift in bias corrected radiation should not affect the future runoff simulations. The importance of bias correction in order to obtain realistic runoff series from the hydrological modelling was already suggested in the studies of Wilby et al. (2000) , Fowler & Kilsby (2007) , Terink et al. (2010) and others. The method used here corrects only the mean monthly magnitude and does not correct the variability at the daily level (important for precipitation). This is resolved by more advanced bias correction methods such as 'quantile-mapping' used by Wood et al. (2004) and Schoof et al. (2009) or power law transform , which corrects for the coefficient of variation and mean of the precipitation value. However, Fowler & Kilsby (2007) showed that the method based on a month-by-month correction provided only a small underestimation of variability, and they used it successfully for several relatively small catchments (< 50 km 2 ). Since the other above-mentioned studies were rather focused on large river basins (e.g. Rhine), the simple method was thus preferred.
The correction of RCM climatic data was slightly affected by the trend found in the measured data since this method normally assumes a stable climate. The trend found in the May maximum temperature shifted the average that was used to estimate the correction factor; thus, the difference between the RCM and the measured data were slightly lowered. However, trends found in the April maximum temperature and February precipitation amounts did not affect the correction since these were significant only in the period 1967-2006 and not in the period 1967-1990 that was used to estimate the error correction. This indicates that the trend is probably a result of changes from 1990-2006. Based on the testing of parameter sensitivities and the parameter estimation process that provided optimal parameter sets with narrow CIs (Table 1) , we believe that the model is robust enough to be used for estimating future changes in flow patterns at our investigated catchments. Nevertheless, the application of this local sensitivity approach could lead to misclassification of the sensitivities since it does not account for possible interactions among the parameters as noted by Tang et al. (2007) .
The RCM model (driven by either HadAM3H or ECHAM4/OPYC3) with future scenarios (2071-2100; SRES A2, B2) estimates a wide range of winter precipitation increases (7 to 50%) and summer precipitation decreases (6 to 53%). The significant longterm rising trend in observed February precipitation data could be a signal of the future changes in seasonal distribution expected by the RCM under the different scenarios (e.g. . Despite re mark able changes in the seasonal distribution of precipitation amounts, future changes on an annual level are almost negligible (Table 2) . Changes in the long-term seasonal distribution of evapotranspiration were mainly reflected in increases, with a maximum in July (~15 to 25%) at Lysina and in May (~15 to 30%) at Pluhův Bor. Future evapotranspiration could be more limited at the lower elevation Pluhův Bor catchment, where evapotranspiration de creased by 20% in August based on the ECHAM4/ OPYC3 A2 scenario. This decrease could be a result of actual evapotranspiration being limited by water availability. The relatively high evapotranspiration in creases in March and April (~40%) at both catchments clearly indicate a shift at the beginning of the growing season. Changes in annual evapotranspiration were expected to bẽ + 20% at Lysina and ~+15% at Pluhův Bor. It is worth noting that the model does not account for land-use change, and possible changes in the vegetation cover, which would significantly affect evapotranspiration. Estimating these, however, is beyond the scope of this paper. In principle, changes due to forestry management such as large-scale harvesting are unlikely since the catchments are located within a protected landscape area, limiting anthropogenic influences.
Essential changes in the seasonal runoff cycle represented by decreases in summer and increases in winter are more or less consistent with those of other studies using RCM outputs (e.g. Fowler & Kilsby 2007 , Graham et al. 2007 , Driessen et al. 2010 . Increases in mean monthly runoff by ~+ 50% (LYS) and ~+ 30% (PLB) in winter were expected. However, the largest changes in future runoff were projected for summer and autumn, with reductions of 30 to 90% at Lysina and 30 to 95% at Pluhův Bor. On the other hand, the increase in June runoff (Fig. 9) resulting from the precipitation increase expected for June (based on the RCAO -HadAM3 modelling; Fig. 7 ) confirms that runoff would be more sensitive to changes in the seasonality of precipitation, especially in very small catchments. Significant decreases in spring runoff were also expected at both catchments. This clearly indicates shifts in snow melt and spring runoff maxima (Fig. 9) , which is in accordance with published studies (e.g. Shabalova et al. 2003 , Horton et al. 2006 . Since spring and autumn are crucial periods for recharge, these reductions could be important for water resources or ecological management in the future. Changes in daily mean flow were even more substantial, especially in the late summer and autumn months. Estimations of future daily mean flow using corrected RCAO -ECHAM4/ OPYC3 A2 simulations showed a more severe decrease in runoff compared to other RCM simulations (Fig. 10) . Average decreases in mean daily runoff of 20 to 90% at Lysina and 25 to 95% at Pluhův Bor from August to November would be drastic changes, with consequences for catchment scale ecology and water management downstream. Changes in annual runoff were expected to be ~-20% at both catchments.
Uncertainties in our study are associated with different sources including emission scenarios, driving GCMs, downscaling by the RCMs, correction of the RCM outputs, and finally the uncertainty caused by the hydrological model. Selection of the GCM providing boundary conditions for the process of downscaling has a larger impact on the projected hydrological change than either the selection of emission scenarios or the RCM used for downscaling (Graham et al. 2007 ). Déqué et al. (2007) defined the uncertainty associated with using RCM data with the variance decomposition method. The method shows the role of different uncertainty sources (in uncertainty as a whole) as a percentage of the total variance explained by each source in the decomposition of temperature (T) and pre cipitation (P) variance. The results for middle Europe showed that the uncertainty due to the GCM is the largest, with ~60% uncertainty for both T and P. This is followed by the uncertainty attributed to a scenario (~30% for T and 20% for P) and uncertainty due to selection of an RCM (~20% for T) and ~30% for P). In our case, the sum of the percentages of uncertainty was >100 because of interaction terms. We assume that the range of error in the future runoff projections will remain similar to the error range estimated for the control period (Fig. 5) . For the investigated catchments, the local scale bias correction of the RCM climatic data, followed by the selection of the GCM, had the most im pact on changes to the hydrological patterns (Fig. 10) .
CONCLUSIONS
Our results describe the impact of 7 plausible scenarios of climate change on 2 small catchments in the Slavkov Forest area for the period 2071-2100. We confirmed the need for correction of all climatic variables from the RCM model in order to characterize site specific conditions. Long-term annual series of mean runoff simulated with corrected RCM inputs and ob served climatic data showed a similar pattern at both catchments in the control period .
The estimated increase in temperature, and the seasonal redistribution of precipitation with expected summer decreases and winter increases, will significantly affect evapotranspiration rates and runoff in the future period 2071-2100. Evapotranspiration is expected to increase as a result of higher temperature and prolongation of the growing season. The annual runoff is projected to decrease and the annual cycle will change significantly. Winter runoff is expected to increase, runoff maxima will shift, and runoff in summer and autumn will decrease noticeably. The projected declines in mean daily flows indicate that the studied streams might regularly dry up for short periods in the summer and autumn. Similar scenarios can also be expected at other small size catchments in the Czech Republic. 
